Fragile X syndrome is caused by the absence of the fragile X mental retardation protein (FMRP). This RNA-binding protein is widely expressed in human and mouse tissues, and it is particularly abundant in the brain because of its high expression in neurons, where it localizes in the cell body and in granules throughout dendrites. Although FMRP is thought to regulate trafficking of repressed mRNA complexes and to influence local protein synthesis in synapses, it is not known whether it has additional functions in the control of translation in the cell body. Here, we have used recently developed approaches to investigate whether FMRP is associated with the translation apparatus. We demonstrate that, in the brain, FMRP is present in actively translating polyribosomes, and we show that this association is acutely sensitive to the type of detergent required to release polyribosomes from membranous structures. In addition, proteomic analyses of purified brain polyribosomes reveal the presence of several RNA-binding proteins that, similarly to FMRP, have been previously localized in neuronal granules. Our findings highlight the complex roles of FMRP both in actively translating polyribosomes and in repressed trafficking ribonucleoparticle granules.
T
he RNA-binding proteins play pivotal roles in posttranscriptional regulation of gene expression. These proteins are involved in all subsequent steps in RNA function, from maturation and nucleocytoplasmic transport to subcellular localization and mRNA translation and stability (1) (2) (3) . Proteins that coat RNA contain regions or domains essential for RNA recognition and binding. In neurons, in addition to being present in the cell body, a small fraction of mRNA is found in dendrites and axons at considerable distances from the nucleus (4) (5) (6) (7) . This differential distribution implies mechanisms of sorting, targeting, transport, and delivering of specific mRNA to these particular distal subcellular domains, where local protein synthesis is required (8-11).
The fragile X mental retardation protein (FMRP) is thought to be a key player in the control of mRNA transfer to distal locations such as dendrites (12) . This protein is widely expressed in human and mouse tissues and is particularly abundant in neurons (13) . The absence of FMRP causes fragile X syndrome, the most common monogenic form of mental retardation (14, 15) . Studies on brain of fragile X patients and Fmr1 knockout mice strongly suggest that FMRP is involved in the proper development of neuronal spines (16) (17) (18) (19) (20) . These abnormalities have been postulated to be at the basis of the mental retardation that results from defects in the process of neurite extension, guidance, and branching.
FMRP is an RNA-binding protein present in messenger ribonucleoparticle (mRNP) complexes associated with the translation machinery (21) (22) (23) (24) ; however, the exact role of FMRP in translation remains unclear. High levels of FMRP act as a negative regulator of translation in vitro and in vivo (25) (26) (27) (28) . We have proposed that, in nonneural cells, FMRP is dispensable, whereas in neurons, a small fraction of FMRP acts as a repressor for the RNA to be transported and to be delivered at the budding dendrites (28) . Indeed, although the great majority of FMRP has been observed in the neuron cell body (13, 29) , a small fraction was detected either by immunofluorescent staining or immunoelectron microcopy at distal locations such as neurites, dendrites, and synaptosomes (22, (29) (30) (31) (32) . A series of neuronal mRNAs has been isolated either by immunoprecipitation approaches (33) or using antibody positioned RNA amplification (34) . Although initial cell fractionation studies have shown that proteins from the FXR family are associated with polyribosomal mRNPs derived from rodent brain (29, 35) , recent results have proposed that, in mouse brain, FMRP behavior is unique because it was not detected at the level of polyribosomes. Instead, FMRP was found exclusively associated with other classes of slow sedimenting ribonucleoparticles (RNPs) (36) . These RNPs have been inferred to correspond to repressed mRNPs that are distinct from those present in the translation machinery.
Here, we report that, by using recently developed approaches, we reproducibly found FMRP to be associated with polyribosomal mRNPs in brain, as is the case in nonneuronal cells grown in culture. Also, we show that the association of FMRP as well as of several populations of RNA-binding proteins with these structures is acutely sensitive to the type of detergent used to release polyribosomes from membranous structures. These approaches enabled us to characterize a series of RNA-binding proteins that are associated with the translation apparatus.
Materials and Methods
Preparation of Homogenates. Adult (2-4 months old) and young (10-12 days old) CD1 mice were used throughout this study. Anesthetized animals were killed by cervical dislocation, and their brains and livers were quickly removed, immediately chilled in ice-cold PBS containing 50 g͞ml cycloheximide, and finely minced with scissors. The fragments from two brains were pooled and transferred to 7 ml of a buffer containing 20 mM Tris⅐HCl (pH 7.4), 100 mM KCl, 1.25 mM MgCl 2 , 1 mM DTT, 10 units͞ml RNasine (Amersham Pharmacia), and protease inhibitors (Mini Complete, Roche Biochemicals). Tissues were slowly homogenized by hand (7-10 strokes) in a Kontes glass homogenizer (Vineland, NJ) fitted with the loose-B pestle. A postmitochondrial supernatant was prepared by centrifuging the homogenate at 9,000 ϫ g for 15 min.
Polyribosomes Studies. To concentrate polyribosomes, 1% Nonidet P-40 was added to the postmitochondrial supernatant, and 7 ml of the solution was layered over a 3-ml pad made of 45% (wt͞wt) sucrose in an 11-ml tube and centrifuged in a Sorval TH-641 rotor at 34,000 rpm (105,000 ϫ g) for 3 h. The ribosomal pellets were then resuspended in a buffer (20 mM Tris⅐HCl, pH 7.4͞100 mM KCl͞1.25 mM MgCl 2 ) containing the appropriate anionic or nonionic detergents as described in Results. Resuspended polyribosomes were analyzed by 15-45% (wt͞wt) isokinetic sucrose gradients composed of 25 mM Tris⅐HCl, pH 7.4͞100 mM KCl͞5 mM MgCl 2 . After centrifugation in a Sorvall TH-641 rotor for 2 h at 34,000 rpm and 4°C, gradients were fractionated by upward displacement using an ISCO UA-5 f low-through spectrophotometer set at 254 nm and connected to a gradient collector. Each fraction was precipitated overnight at Ϫ20°C after addition of 2 volumes of ethanol. The precipitated material was collected by centrifugation at 12,000 rpm for 20 min and solubilized in SDS sample buffer before immunoblot analyses.
Protein Studies. Fractions of 150-500 S from three sucrose density gradients were pooled, and the polyribosomes were recovered after ultracentrifugation. Polyribosomes were resuspended in a buffer containing 20 mM Tris⅐HCl (pH 7.4), 100 mM KCl, 1.25 mM MgCl 2 , 1 mM DTT, 10 units͞ml Rnasine, and protease inhibitors, treated either with 1% Nonidet P-40 or 1% deoxycholate (DOC) for 30 min at 4°C and recentrifuged at 105,000 ϫ g for 2 h. The supernatants containing the Nonidet P-40 or DOC labile proteins as well as the recovered polyribosome pellets were denatured in SDS sample buffer and analyzed by immunoblotting or by SDS͞PAGE, and the protein was revealed after Coomassie blue staining.
Immunoblot analyses were carried out as described (23) . FMRP was detected with mAb1C3 (13) and mAb7B8 (obtained from A. Tartakoff, Case Western Reserve University, Cleveland), FXR1P was detected with mAb2FX specific for the 78-to 80-kDa isoforms (35) , FXR2P was detected with mAbA42 and PABP1 was detected with mAb10E10 (both obtained from G. Dreyfuss, University of Pennsylvania, Philadelphia), NUFIP1 was detected with rabbit Ab1375 (37), p50 was detected with rabbit ␣YB-1 (from N. Sonenberg, McGill University, Montréal), 82-FIP was detected with rabbit Ab1666 (38), Stauffen1 and -2 were detected with rabbit ␣St1 and ␣St2, respectively (from L. DesGroseillers, University of Montréal), Sam68 was detected with rabbit SC-333 (Santa Cruz Biotechnology), and the ribosomal S6 and L7 proteins were detected with their respective antisera (from A. Ziemiecki, University of Bern, Switzerland).
Proteomics Analyses. Analyses were performed at the McGill University͞Genome Québec Innovation Centre facility (Montréal). Samples were run on SDS͞PAGE (10% acrylamide), and the gels were stained with Coomassie blue, scanned, and analyzed by using IMAGEMASTER software (Amersham Pharmacia). Gel slices were excised, proteins were digested with trypsin, and the resulting tryptic peptides were analyzed on a liquid chromatography quadrupole time-of-flight (Micromass, Manchester, U.K.) mass spectrometer. Peptides were electrosprayed as they exited the column, and double or triple charged ions were selected for passage into a collision cell. Fragmentation was induced by collision with argon gas, and data were collected in 1-s scans for up to 5 s. Peak lists of tandem MS data were prepared by using MASSLYNX software (Micromass) and submitted to Mascot (Matrix Science, Boston) for identification by analysis against the National Center for Biotechnology Information nonredundant human and mouse databases.
Results

Isolation of Brain Polyribosomes from Adult Mouse.
To prepare FMRP-containing mRNPs, we first isolated membranous structures by differential centrifugation of total brain lysate using buffers without detergents as reported (22, 29) . We consistently observed that substantial amounts of FMRP could be recovered in a fraction corresponding to the rough endoplasmic reticulum (data not shown). In view of these results, we examined whether FMRP was associated with polyribosomal mRNPs or was part of different RNP complexes in brain. Because Ϸ40% of the polyribosomes are bound to membranes in rodent brain (39) , the choice of the detergent was critical to release polyribosomes from these structures. Cytoplasmic extracts prepared in the presence of Nonidet P-40, a nonionic detergent, were analyzed by velocity sedimentation through linear sucrose density gradients. In repeated analyses, we were unable to obtain a UV absorption profile corresponding to polyribosomes because of contaminating light scattering, masking the distribution of subcellular components that may have penetrated the gradients. To eliminate or to reduce most of these unwanted contaminating UV-absorbing materials, the cytoplasmic fractions were first layered over a 45% (wt͞wt) sucrose pad, and the polyribosomes were concentrated by ultracentrifugation as described for rat liver (40) . The resulting opalescent pellets were resuspended in the extraction buffer containing MgCl 2 and Nonidet P-40, and further analyzed by velocity sedimentation through sucrose density gradients. Unexpectedly, we constantly observed that only trace amounts of the 80S ribosomes could be detected as sedimenting materials. This observation was confirmed when the collected fractions were analyzed for the presence of the L7 ribosomal protein. In addition, we observed the presence of an opalescent pellet in the bottom of the centrifuge tubes where high levels of L7 and FMRP were detected (Fig. 1a) . In contrast, liver polyribosomes that were used as control were clearly separated as shown in Fig. 1a , and FMRP was detected in fractions corresponding to polyribosomes containing L7 proteins. The difference of behavior between brain and liver extracts indicates that unknown materials that sediment together with brain polyribosomes have been compacted at the high g values used trapping these structures. We have not been able to resuspend intact polyribosomes in the presence of Nonidet P-40, Triton X-100, or Igepal CA-630, which are all related nonionic surfactants from the polyoxyethene p-t-octylphenol family. However, when the pellets were treated with buffers containing 1% DOC, an anionic detergent, the polyribosomes were released, and typical UV profiles with peaks corresponding to the 80S monomere and high levels of polyribosomes were obtained after centrifugation in sucrose density gradients (Fig. 1b) . Under these experimental conditions, FMRP was restricted to the first fractions of the gradients, indicating that the protein was no longer associated with polyribosomes. The same distribution was observed also with liver polyribosomes treated in the same way, as FMRP remained at the top of the gradients (Fig. 1b) .
We also tested a different procedure for the preparation of free and bound polyribosomes in the presence of a combination of nonionic and ionic detergents (1% Triton X-100 plus 1% DOC) that has previously been used for rat brain tissue (39) . This approach allowed us to successfully isolate polyribosomes; however, under these conditions, FMRP could not be detected at the level of polyribosomes, but was instead present in the upper part of the sucrose gradients (data not shown).
Isolation of Brain Polyribosomes from Young Mouse. The results presented above clearly showed that under the conditions used, we were not able to prepare brain polyribosomes that carry FMRP from adult mice. Attempts to homogenize the brains more vigorously to fragment the endoplasmic reticulum resulted in breakage of the high molecular weight polyribosomes, which were shifted to the upper parts of the gradients. Because we have reported that brains from young animals contain 2-to 3-fold more FMRP as compared with adult (41) and that these tissues are easier to homogenize, we reasoned that using brains from younger animals would facilitate polyribosome extraction and reduce mechanical stress. A representative analysis of polyribosome preparations from young animals is presented in Fig. 2 and shows high levels of heavy sedimenting structures containing FMRP. These structures corresponded to polyribosomes because they were sensitive to EDTA, which causes the dissociation of the polyribosomes into the large and small ribosomal subunits and the release of the mRNPs. Polyribosomes were also destroyed after RNase treatment, and FMRP was found free floating in the top fractions of the gradient (data not shown). When polyribosome preparations were treated with 1% of DOC instead of Nonidet P-40, the displacement of FMRP was evident as it was detected in the upper fractions of the gradient, whereas the UV profile remained unaffected. Similar results were obtained for 3T3 and HeLa cells grown in culture (data not shown).
To estimate the yield of polyribosomes recovered, different subcellular fractions were prepared by using sequential extractions with nonionic followed by ionic detergents (schematically illustrated in Fig. 3) as adapted from the classic procedure of Blobel and Potter (42) for total liver polyribosomes preparation. Fig. 4 illustrates the results obtained after sedimentation analyses of the resuspended pellets and depicts the distribution of polyribosomes and FMRP. Densitometric and planometric analyses of the polyribosomal absorption profiles of three independent experiments indicated that Ϸ98% of FMRP was detected in the postmitochondrial supernatants treated with Nonidet P-40, whereas only trace amounts were detected after subsequent washing of the pellets with DOC. Finally, when the postribosomal fraction was centrifuged at 105,000 ϫ g for 18 h, no enrichment of free RNPs was seen (Fig. 4) . These results clearly show that the vast majority of FMRP was detected in association with polyribosomes, whereas only minute amounts of nonsedimentable FMRP were present in the upper fractions of the gradients loaded with materials that had been collected after a long ultracentrifugation for 18 h. The free FMRP likely correspond to molecules that had been released by the long and severe treatments imposed to the polyribosomes that are relatively fragile structures.
RNA-Binding Proteins Are Released from Polyribosomes After DOC
Treatment. In view of the altered sedimentation properties of FMRP stripped off from the polyribosomes, we wondered Analyses of brain polyribosomes prepared from adult mice. (a) Postmitochondrial fraction was treated with 1% nonionic detergent Nonidet P-40, and total polyribosomes were first concentrated by ultracentrifugation, resuspended, and analyzed by sedimentation velocity throughout sucrose density gradients. Liver polyribosomes treated in the same way were analyzed in parallel. Note the presence of brain polyribosomes and FMRP at the bottom of the centrifuge tube, whereas the distribution of liver polyribosomes is different. (b) Treatment with 1% DOC allows brain and liver polyribosomes to distribute throughout the gradients according to their sedimentation values, whereas FMRP is detected at the top of the gradients. The integrity and distribution of polyribosomes were based on the UV profile as well as the presence of L7, a core protein of the large ribosomal subunit. Distribution of FMRP in different fractions was revealed by immunoblotting with mAb1C3. Fig. 2 . Effects of Nonidet P-40 (Left) and DOC (Right) on brain polyribosomes prepared from young animals. Although no major differences can be detected between the two polyribosomal profiles, the distribution of FMRP is clearly affected after treatment with DOC. whether this observation was unique to FMRP or was a generalized phenomenon that affected other RNA-binding proteins. Fractions corresponding to 150-500 S from sucrose density gradients were first pooled, and the polyribosomes were concentrated by ultracentrifugation in duplicate. One series of purified polyribosomes was resuspended in a buffer containing 1% Nonidet P-40, whereas the other was incubated in buffer containing 1% DOC. After a 30-min incubation period at 4°C, both samples were recentrifuged at 33,000 rpm to pellet the polyribosomes. The supernatants and pellets were analyzed by immunoblotting using a series of antibodies. Fig. 5 shows the results that can be summarized as follows. After Nonidet P-40 treatment, all RNA-binding proteins tested remained associated with the polyribosomes as monitored by using the ribosomal proteins S6 and L7. In contrast, although polyribosomes treated with DOC still contained the ribosomal proteins, all RNAbinding proteins tested were absent and, instead, were detected in the supernatants. These results clearly prove that the effects of DOC are not selective, because many other proteins associated with polyribosomes are stripped off similarly to FMRP. Furthermore, SDS͞PAGE analyses of resistant and labile proteins detected after Coomassie brilliant blue staining showed that Ϸ15% of the total polyribosomal protein complement were extracted after DOC treatment. To identify the nature of the major polypeptide bands indicated by boxes in Fig. 6 , these were cut, subjected to trypsin digestion, and analyzed by MS. The results of these analyses are listed in Fig. 6 , and it can be seen that the majority of the released proteins that have been identified are RNA-binding proteins.
Discussion
Previous studies have shown that FMRP was absent from polyribosomes in mouse brain and instead was exclusively associated with light-sedimenting RNP complexes inferred to correspond to repressed mRNPs (36) . These unexpected localizations led the authors to propose an original mechanism of action for FMRP in neurons. In the present study, we demonstrate that considerable amounts of FMRP cosediment with large polyribosomes isolated from young mouse brain, whereas no FMRP was found associated with light-sedimenting RNP complexes. These discrepancies between the association of FMRP with heavy sedimenting structures (this report) and the presence of FMRP in slow sedimenting RNPs (36) are likely due to the different procedures used to prepare polyribosomes from brain tissue. We found that the use of the anionic detergent DOC was necessary to release polyribosomes from adult mouse brain, presumably because of the chemical composition of the membranous structures at this age, whereas this harsh treatment was not required for other tissues such as liver. However, the complexes prepared in the presence of DOC seem to represent naked polyribosomes, as this detergent has been shown to selectively remove proteins associated with mRNA (43), including FMRP (22) . Moreover, when added to the total homogenate, DOC releases slow sedimenting nuclear RNPs that contaminate the cytoplasmic fraction and that could be confounded with small cytoplasmic mRNPs (44, 45) . However, we showed that native brain polyribosomes that carry RNA-binding complement can be prepared from young animals by using the nonionic detergents Nonidet P-40 or Triton X-100 of the polyoxyethene p-t-octylphenol family (43, 46) . Under these experimental conditions, FMRP that has been assigned to neuronal granules (31, 32) and that has been reported to be exclusively present in Fig. 4 . Quantitative distribution of brain polyribosomes and FMRP from the fractions prepared by differential sedimentations, as described in Fig. 3 . Note that most of FMRP is associated with heavy sedimenting polyribosomes (P1), whereas only trace amounts are detected at the top of the gradient in panel FP, which stands for the final pellet obtained after centrifugation of the postribosomal pellet for 18 h at 105,000 ϫ g.
Fig. 5.
FMRP and several other RNA-binding proteins are released from polyribosomes after treatment with DOC, whereas Nonidet P-40 has no deleterious effects on the purification of polyribosomes that still carry these RNA-binding proteins. Immunoblot analyses were performed with the indicated specific antibodies. Note that neither Nonidet P-40 nor DOC has an effect on the core ribosomal proteins S6 and L7. P, polyribosomes recovered after ultracentrifugation; S, protein soluble either in Nonidet P-40 or DOC.
light-sedimenting structures (36) was consistently present in polyribosomes. This was also the case for proteins that interact directly with FMRP, such as FXR1P, FXR2P, NUFIP, and 82-FIP (14) . Furthermore, proteins interacting with the translation apparatus such as p50 (47) , PABP1 (48), Sam68 (49) , and Staufen 1͞2 (50) were present.
Because DOC has the property to leave the polyribosome skeleton intact, we were able to selectively extract and characterize by proteomic analyses nonribosomal proteins. Two classes of proteins extracted with DOC were identified: the RNAbinding proteins and those that interact with the cytoskeleton framework, the local support of translation (51, 52) . In addition to confirming the results obtained by immunoblotting, these analyses also revealed the presence of a series of RNA-binding proteins that directly interact with the translation machinery, such as the different eIFs, tRNA ligases, and RNA helicases (53, 54) . Also, RNA-binding proteins known to be predominantly localized in the nucleus (3), such as the hnRNPs A͞B͞U͞R and the ELAV, were also detected associated with polyribosomes.
Our findings that FMRP is associated with actively translating polyribosomes, in addition to its neuronal granule localization (32), strongly suggest a dual role for FMRP reminiscent to YB-1͞p50, a nucleic acid chaperone (47, 55) . Although the stoichiometry of FMRP to mRNA is not known, it is possible to propose that levels of FMRP above a certain threshold, yet to be determined, induce repression of translation by remodeling in concert with other interactor proteins that may influence FMRP function(s) (14) , the conformational status of mRNAs in RNPs that have to be translocated to distal locations in neurons (56, 57) . However, lower levels of FMRP might have complex roles in translation control because, when absent, the steady-state levels of many brain mRNAs are altered, some being increased and some being decreased (33, 34, 58) . Finally, recent results suggest that FMRP may regulate neuronal translation via microRNAs (59), which in turn are found associated with polyribosomes (60) .
It is tempting to speculate whether the recently observed FMRP-containing granules trafficking throughout dentrites (32) correspond to the class of repressed granules described earlier (61) . Interestingly, these later repressed structures are many hundreds, if not thousands, of Svedbergs (S 20.w ) away from the small repressed mRNPs described by Zalfa et al. (36) because they sediment faster and ahead of polyribosomes. One of the key issues to unravel FMRP function(s) is to understand its RNAbinding selectivity and protein interaction properties. It seems that the nature of the approaches used to analyze the localization(s) and function(s) of FMRP has direct impacts on the interpretations of the results. On the basis of these considerations, we believe that our results will provide a useful basis for the future isolation and purification of brain FMRP-containing RNPs. 
